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Segmentation of the vertebrate hindbrain into rhombomeres is essential for the anterior–posterior patterning of cranial motor nuclei and
their associated nerves. The vitamin A derivative, retinoic acid (RA), is an early embryonic signal that specifies rhombomeres, but its roles in
neuronal differentiation within the hindbrain remain unclear. Here we have analyzed the formation of primary and secondary hindbrain
neurons in the zebrafish mutant neckless (nls), which disrupts retinaldehyde dehydrogenase 2 (raldh2), and in embryos treated with retinoid
receptor (RAR) antagonists. Mutation of nls disrupts secondary, branchiomotor neurons of the facial and vagal nerves, but not the segmental
pattern of primary, reticulospinal neurons, suggesting that RA acts on branchiomotor neurons independent of its role in hindbrain
segmentation. Very few vagal motor neurons form in nls mutants and many facial motor neurons do not migrate out of rhombomere 4 into
more posterior segments. When embryos are treated with RAR antagonists during gastrulation, we observe more severe patterning defects
than seen in nls. These include duplicated reticulospinal neurons and posterior expansions of rhombomere 4, as well as defects in
branchiomotor neurons. However, later antagonist treatments after rhombomeres are established still disrupt branchiomotor development,
suggesting that requirements for RARs in these neurons occur later and independent of segmental patterning. We also show that RA produced
by the paraxial mesoderm controls branchiomotor differentiation, since we can rescue the entire motor innervation pattern by transplanting
wild-type cells into the somites of nls mutants. Thus, in addition to its role in determining rhombomere identities, RA plays a more direct role
in the differentiation of subsets of branchiomotor neurons within the hindbrain.
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Introduction Kudoh et al., 2002), and retinoic acid (RA) (BegemannPatterning along the anteroposterior (A-P) axis of the
vertebrate nervous system during embryonic development
generates regional diversity in the types of neurons that
form and the connections they make. The hindbrain initially
subdivides into segmental units or rhombomeres, each with
distinct molecular characteristics and patterns of neuronal
differentiation (Lumsden and Krumlauf, 1996). Several
signals influence the patterning of rhombomeres along the
A-P axis, including Wnts (Yamaguchi, 2001), Fibroblast
Growth Factors (FGFs) (Altmann and Brivanlou, 2001;0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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however, also promote the proliferation and/or differentia-
tion of neurons, and it has been hard to distinguish these
functions from an early role in patterning.
A key step in hindbrain segmentation is the specification
of posterior rhombomeres by RA. RA is thought to act as a
morphogen during gastrulation, forming a gradient that
directly regulates homeotic (Hox) gene expression and
specifies the segmental identities of rhombomeres in a
concentration-dependent manner (Begemann and Meyer,
2001; Conlon, 1995; Durston et al., 1989; Gavalas and
Krumlauf, 2000; Maden, 2002; Marshall et al., 1992).
However, because RA is difficult to localize within embryos
and has multiple potential sources and receptors, this model
has been difficult to test (Maden, 2001; Mic et al., 2002).
Three enzymes, retinaldehyde dehydrogenases (Raldh1–3),
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two are expressed during early embryogenesis (Nieder-
reither et al., 1997, 2000, 2002). Mutations that inactivate
Raldh2 eliminate rhombomeres 5–7 (r5–7) and disrupt Hox
gene expression in mice, or cause expansion of r5–7 in
zebrafish, (Begemann et al., 2001; Niederreither et al., 1999,
2000). Vitamin A deficiencies in avian embryos eliminate
r5–7 and expand r3/4 throughout the posterior hindbrain
(Gale et al., 1999; Maden et al., 1996; White et al., 2000).
Compound mutations in mice of the nuclear hormone
receptors for RA, RARa, RARb, and RARc, disrupt r5–7
to varying degrees (Dupe et al., 1999; Kastner et al., 1994,
1997), as do treatments of avian embryos with chemical
RAR antagonists, and these studies suggest that the poste-
rior hindbrain responds to RA in a graded fashion (Dupe
and Lumsden, 2001). RA must diffuse or be transported a
considerable distance from its source in the paraxial meso-
derm during gastrulation, where it is synthesized by Raldh2,
to its receptors, RARa and RARb, in the nervous system
(Berggren et al., 1999; Niederreither et al., 1997; Swindell et
al., 1999). In support of this idea, grafts of wild-type
mesoderm rescue hindbrain patterning in raldh2/ mutant
zebrafish (Begemann and Meyer, 2001; Begemann et al.,
2001). RA is also degraded by a cytochrome p450 enzyme
anteriorly (cyp26), which may enhance the gradient (Abu-
Abed et al., 2001; Kudoh et al., 2002). RA is thought to act
during or shortly after gastrulation, when rhombomere
boundaries are established and RA treatments are most
effective, but few studies have directly addressed the tem-
poral requirements for RA signaling in the hindbrain.
In addition to its role in patterning, RA also influences
neuronal differentiation. RA treatment promotes neurogene-
sis in cultures of embryonal carcinoma cells and in Xenopus
embryonic animal cap explants in vitro (Jones-Villeneuve et
al., 1982; Maden and Holder, 1992; McBurney et al., 1982;
Papolopulu and Kintner, 1996). Conversely, reducing RA
signaling in vivo using dominant-negative RARs disrupts
primary neurogenesis in the Xenopus hindbrain (Blumberg et
al., 1997; Franco et al., 1999; Sharpe and Goldstone, 1997).
In the chick, RA induces ventral neural tube fates and
specifies motor neurons in the spinal cord (Novitch et al.,
2003; Sockanathan and Jessell, 1996; Sockanathan et al.,
2003), as well as promoting somatic neuron formation in
hindbrain explants (Guidato et al., 2003b). RA also influen-
ces the differentiation of distinct neurotransmitter subtypes
in vitro and in vivo, promoting survival and differentiation of
cholinergic neurons in cultures of mammalian spinal cord
cells (Wuarin and Sidell, 1991) and of catecholaminergic
neurons in the zebrafish hindbrain (Holzschuh et al., 2003).
Thus, RA regulates both the cascade of genes that leads to
neurogenesis as well as the anterior–posterior and dorsal–
ventral patterning of different types of neurons within the
neural tube.
Unique subtypes of primary and secondary neurons form
in each rhombomere (Chitnis and Dawid, 1999; Kimmel et
al., 1991). In the zebrafish, these include individually iden-tifiable reticulospinal interneurons (RSNs) such as the
Mauthner cell in r4, which are not found in mammals, as
well as unique patterns of branchiomotor neurons (BMNs)
that innervate the muscles of the jaw and branchial arches
and somatic motor neurons that innervate eye muscles in all
vertebrates (Chandrasekhar, 2004). RSNs are part of an
initial, primary wave of neurogenesis during gastrulation,
while BMNs and somatic motor neurons are secondary
neurons that develop at later embryonic and larval stages
(Chandrasekhar et al., 1997; Kimmel et al., 1982; Trevarrow
et al., 1990). BMNs initially form with a two-segment
periodicity; trigeminal neurons in r2/3 and facial neurons
in r4/5. Facial BMNs then migrate posteriorly, out of r4/5
into r6 in mice (Garel et al., 2000) or as far as r7 in zebrafish
(Chandrasekhar et al., 1997). Migration is ‘‘tangential’’ to the
movement of BMNs radially within each rhombomere, away
from their birthplace in the ventricular zone. Tangential and
radial migration are under separate, rhombomere-specific
regulation that depends on RA (Garel et al., 2000; Studer,
2001). RA treatments cause trigeminal BMNs to migrate
posteriorly within the hindbrain similar to facial neurons, and
alter their expression of TAG-1, an adhesion molecule
implicated in migration (Marshall et al., 1992). Facial BMNs
also fail to migrate tangentially in mice lacking the function
of Hoxb-1, a direct RA target (Marshall et al., 1994; Studer et
al., 1996). Until now, these were interpreted as secondary
consequences of rhombomere patterning defects.
Here we demonstrate requirements for RA in the differ-
entiation of BMNs that are separate from its roles in
rhombomere patterning. We first noticed unexpectedly that
loss of raldh2 in the neckless (nls) mutant disrupts BMN
formation in rhombomeres in which segmental patterning
and primary neurogenesis are unaffected. We then treated
embryos at different stages with RAR antagonists and found
that BMNs require RA signaling until relatively late embry-
onic stages, after rhombomere formation. Early antagonist
treatments cause duplications of RSNs and expansions of r4
posteriorly that are more severe than seen in nls, suggesting
that raldh2 is not the only source of RA in the zebrafish
embryo. Later treatments, however, reduce the numbers of
vagal BMNs and disrupt facial BMN migration out of r4, but
do not affect rhombomere patterning. We focus on the facial
BMNs and show that defects in their migration correlate with
reduced expression of tag-1. Our mosaic studies demonstrate
that requirements for nls in BMN development are cell
nonautonomous and depend on raldh2 in the paraxial
mesoderm. This is the first evidence for such cell-type-
restricted functions for RA in BMN development.Materials and methods
Embryos and fish maintenance
Zebrafish (Danio rerio) were raised and staged as
described (Kimmel et al., 1995; Westerfield, 1995) in
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mann et al., 2001) was outcrossed to the Tup longfin
strain or to isl1-GFP transgenic fish (Higashijima et al.,
2000) to obtain mutant transgenic embryos for phenotypic
analysis.
RA and antagonist treatments
For RA treatments, embryos from wild-type or nls+/
heterozygous parents were incubated from late blastula
stage onwards in various concentrations of all-trans-RA
(Sigma), prepared from a 103M stock solution dissolved
in DMSO and diluted in embryo medium. For antagonist
treatments, blastulae and 14 hpf embryos were incubated in
AGN193109 (Allergan Inc.) from a 103M stock dissolved
in 25% DMSO:75% EtOH (Johnson et al., 1999a,b). As
controls, siblings were treated with equivalent concentra-
tions of EtOH and DMSO, which had no effects although
both of which cause mild teratogenic effects at high
concentrations.
Molecular analyses
Single, whole-mount in situ hybridization with digoxi-
genin-labeled riboprobes was performed as described by
Thisse et al. (1993), and double in situs with fluorescein-
labeled probes according to Hauptmann and Gerster (2000).
Riboprobes were synthesized from template plasmids in-
cluding krx-20 (Oxtoby and Jowett, 1993), myoD (Weinberg
et al., 1996), hox genes (a2A, b1A; Amores et al., 1998;
Prince et al., 1998a,b), otx2 (Li et al., 1994), val/kr (Moens
et al., 1998), tag-1 (Warren et al., 1995), gata3 (Bingham et
al., 2002), and isl-1 (Inoue et al., 1994).
Histology and imaging
RSNs were labeled immunohistochemically using prima-
ry antibodies RM044 (Lee et al., 1987) or 3A10 (Hatta,
1992), both made in mice, and a biotinylated goat–anti-
mouse secondary antibody. The biotin was then detected
using a Vectastain kit and diaminobenzidine (Westerfield,
1995). BMN migration and differentiation were imaged in
isl1-GFP transgenics (Higashijima et al., 2000) using an
Olympus confocal microscope. Transgenic wild types, nls
mutants, and AGN193109-treated embryos were immersed
in melted 1.2% agarose, dissolved in embryo medium, and
mounted dorsal up on bridged coverslips.
Mosaic analyses
Wild-type donor embryos were labeled at the 1–2 cell
stage with 3% tetramethylrhodamine/3% biotinylated dex-
tran (Molecular Probes) dissolved in 0.2M KCl. Cells were
transplanted into unlabeled host embryos derived from
intercrosses between nls+/:isl1-GFP+ carriers. Transplants
were performed blindly, at late blastula stages, by mountingembryos in 3% methyl cellulose and transferring cells using
a suction micropipette as described previously (Hatta et al.,
1990). Rhodamine fluorescence in donor cells and isl1-GFP
expression in the host were imaged with a confocal micro-
scope.Results
Defects in BMNs in RA-deficient zebrafish
To investigate requirements for RA in the development
of primary and secondary hindbrain neurons in the zebra-
fish, we examined embryos carrying a loss-of-function
mutation in the RA-synthesizing enzyme raldh2, neckless
(nlsi26, Begemann et al., 2001) and compared them to
embryos treated with an antagonist that blocks activity of
all RARs (Allergan Inc. AGN193109, referred to hereafter
as AGN; Klein et al., 1996). In mammalian cells, this pan-
RAR antagonist prevents separation of corepressors from
the RAR/RXR receptor complex and it disrupts A-P
patterning in Xenopus embryos (Johnson et al., 1999a,b;
Koide et al., 2001). We found that A-P patterning of zebra-
fish embryos is sensitive to AGN during gastrula and early
neurula stages between 7 and 10 hpf, but that later AGN
treatments (14–20 hpf) disrupt secondary neuronal devel-
opment (see below).
In nls mutants, somites form further anteriorly than in
wild types, (Figs. 1A,B; Begemann et al., 2001). We treated
wild-type embryos with different AGN concentrations dur-
ing gastrulation and found that at 2  107 M AGN the
distance between the otic vesicle and first somite was
reduced and the otic vesicle was smaller but its position
relative to the anterior hindbrain remained unchanged,
similar to nls (Fig. 1C). Surprisingly, however, higher
concentrations (105 M) of AGN caused more severe body
shortening and otic vesicle defects (Fig. 1D). These defects
were more severe than previously described for BMS493,
another antagonist (Grandel et al., 2002; Bristol Myer
Squibb).
In nls, domains of gene expression in r4–7 in the
hindbrain (krox20—r3/5, valentino—r5/6, ephrinb2—r7)
expand slightly along the A-P axis (Begemann et al.,
2001). To determine the consequences of this rhombomere
expansion for neuronal patterning, we first examined BMNs
of the trigeminal (nV), facial (nVII), and vagal (nX) neurons
using a transgenic zebrafish strain that expresses GFP driven
by the islet-1 promoter (Higashijima et al., 2000; Figs. 1E–
H and 9A). Within the CNS, this transgene marks most
BMNs in the hindbrain starting at 18 hpf, before axon
outgrowth, allowing us to observe their behaviors in living
embryos. Some BMNs (nVI and nIX) do not express isl1-
GFP in these fish and were not analyzed. At 30 hpf, the size
of the isl1-GFP+ vagal (nX) motor nucleus was reduced by
90% in homozygous nls mutants, compared with wild-type
siblings (Figs. 1E,F and 2). This was not simply delayed
Fig. 1. Neural patterning defects in nls mutants and embryos treated with the pan-RAR antagonist, AGN193109. Wild-type, left panels; nls/ mutants, left
center panels; 2  107 M AGN-treated embryos, right center panels, and 1  105 M, right panels. Anterior is to the left. (A–D) Live embryos at 18 hpf in
lateral view, photographed with Nomarski optics. (A,B) Note reduced distance between the otic vesicle and first somite (arrows) in nls as compared to wild
type. (C,D) Embryos treated with 2  107 M resemble nls, and embryos soaked in 105 M AGN show severe shortening of the posterior hindbrain (arrows).
(E–H) isl1-GFP transgene expression at 30 hpf, dorsal views of the hindbrain showing r2–7. In contrast to wild type (E), nls mutant zebrafish (F) and
transgenics treated with AGN (G,H) have reduced vagal BMNs (nX) and disorganized facial BMNs (nVII, white arrows). (I –L) RMO44 immunolabeling of
RSNs at 48 hpf, dorsal views of the hindbrain showing r2–8. nls and 2  107 M AGN do not affect RSN patterning (J,K), whereas 105 AGN causes
posterior duplications of Mauthner cells (L, arrowheads) and loss of more posterior neurons. (M–P) 3A10 immunolabeling of Mauthner cells at 30 hpf, dorsal
views showing r4–8 and the anterior spinal cord. Arrowheads indicate Mauthner cell duplications with treatments of 105 M AGN. o, otic vesicle; s1, somite;
fb, forebrain; mb, midbrain. Mth, Mauthner cell. nV, trigeminal; nVII, facial; nX, vagal motorneurons. MiD2 and MiD3, middle reticulospinals 2 and 3; CaD,
caudal reticulospinal.
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hpf. Conversely, 108 M RA caused a three- to fourfold
increase in vagal BMNs (data not shown). These results
indicate that RA is both necessary and sufficient for vagal
BMN differentiation.
Unlike vagal BMNs, facial BMNs migrate posteriorly
from their origins in r4/5 into their final positions in r6/7
where they then migrate radially and laterally away from the
midline (Chandrasekhar, 2004). In nls, we found that many
of these neurons fail to migrate or subdivide into anterior
(VIIa) and posterior (VIIp) clusters (Figs. 1E,F). Instead,
they remain close to the midline and stretch along the A-P
axis throughout r4–r7. Thus, nls/raldh2 is required for the
migration of facial BMNs, although r4 and r5, in which
these neurons develop, are largely unaffected.Likewise, RAR antagonist treatments caused severe
defects in BMNs. With as little as 107 M AGN, vagal
BMNs were reduced by 90%, and at 105 M AGN,
these neurons were undetectable (Figs. 1G,H and 2).
Effects on facial BMNs in these embryos were similar to
nls, with many neurons remaining near the ventral
midline and failing to subdivide into clusters in r6 and
r7. In addition, many facial BMN axons did not exit the
hindbrain from r4 in AGN-treated embryos, but instead
projected from more posterior locations (Fig. 1H arrow,
and data not shown). Trigeminal BMNs were also
reduced in some embryos treated with 105 M AGN,
indicating that RA acts as far anteriorly as r2 in BMN
development (Fig. 1H). Somatic motor neurons were also
reduced in embryos treated with 105 M AGN, support-
Fig. 2. Defects in size of branchiomotor nuclei with disruption of RA signaling. Columns indicate the length of each motor nucleus (trigeminal—white, facial—
gray, and vagal—black) along the A-P axis, measured in micrometers and shown as a fraction of total hindbrain length. Lengths were measured in isl1-GFP
transgenics crossed into nls (column 2), treated with the RAR antagonist (columns 3–7) or treated with RA (columns 8–10). Cell counts in a subset of treated
embryos showed that changes in the length of the vagal motor nucleus were accompanied by corresponding changes in cell number, while elongation of the
facial motor nucleus appeared to be largely due to migration defects.
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shown).
High concentrations of RAR antagonists disrupt RSNs
To determine if the BMN defects we have observed in
zebrafish deficient for RA signaling are due to defects in
rhombomere identities, we examined the reticulospinal
interneurons (RSNs), primary neurons that form in every
rhombomere and that are individually identifiable by their
size, cell body position, and axonal trajectory. A monoclo-
nal antibody, RM044, that recognizes neurofilaments labels
the RSNs at 48 hpf (Lee et al., 1987). In nls mutants, we
found that the appropriate RSNs were formed in every
rhombomere, with some variable reductions in neurons
within r7 (CaD) and T interneurons further posteriorly
(N = 25; Figs. 1I,J). This result was confirmed with a
specific marker for the Mauthner cell (3A10; Hatta, 1992),
which normally forms only in r4 and extends a large
descending, contralateral axon (Fig. 1M); Mauthner cells
often appeared smaller or misshapen but were otherwise
normal in nls (N = 5/5; Fig. 1N). Thus, early expansions in
rhombomeric gene expression caused by the loss of raldh2
function in nls have relatively minor consequences for the
fates of RSNs.
Similar to nls, treatment of embryos with 2  107 M
AGN did not disrupt RSNs (Fig. 1K). However, treatments
with 105 M AGN caused much more severe neural defects.
RSNs with the unique morphologies of Mi2 (r5), Mi3 (r6),
and CaD (r7) were absent in these embryos at 48 hpf or
resembled neurons normally found in r4 (N = 24; Fig. 1L).
Immunostaining with 3A10 showed that Mauthner cells thatnormally lie only in r4 consistently formed ectopically in a
range of locations in the posterior hindbrain in embryos
treated with 105 M AGN (N = 8; Figs. 1O,P). These results
suggest a transformation of more posterior rhombomeres to
an r4 identity.
Reduced RAR activity expands expression of anterior
hindbrain markers
To more carefully compare early defects in neuronal
differentiation and rhombomere patterning, we used early
molecular markers of r2–6 in AGN-treated zebrafish em-
bryos. We examined expression of two essential genes in
rhombomere specification, krox20 (krx20), in r3 and r5, and
valentino (val) in both r5 and r6. At 2  107 M AGN, val
expression in r5/6 at 16 hpf was expanded by up to 50% along
the A-P axis (Figs. 3A,B). Krox20 expression revealed that
this included enlargements of both r5 and r6, such that the
posterior edge of r6 lies adjacent to the first somite. Both of
these effects on val and krox20 expression resemble defects in
nls mutants (Begemann et al., 2001). In contrast, treatment
with 105 M AGN resulted in loss of the posterior stripe of
krox20 expression in r5 as well as all val expression (N = 29/
34; Fig. 3C). The hindbrain was severely shortened in these
embryos. The first somite was located just posterior of r4, and
this correlated with the defects in RSNs (Figs. 1O,P; i.e.,
similar numbers of embryos formed ectopicMauthner cells at
105 M AGN). This phenotype was more severe than seen in
nlsmutants, and confirmed that functional RARs are required
for patterning of r5–7 in zebrafish, similar to the chick.
Treatments of chick embryos with high concentrations of
RAR antagonists cause cells throughout the posterior hind-
Fig. 3. Defects in rhombomere patterning with RAR antagonist treatments during gastrulation. Untreated controls, left panels; 2  107 M, center panels; 105
M AGN, right panels. Anterior is to the left. (A–C) Triple in situs for krox20 (red), myoD (red), and val (blue) at 15 s, lateral views of the hindbrain showing
r1–7. Note the reduced distance between r3–6 and the first somite (s1) in AGN-treated embryos. (D–F) Double in situs for hoxb1A (blue), together with
krox20 (red) at 15 s, dorsal views of the hindbrain showing r2–7. Arrowheads in F denote the posterior limit of hoxb1a expression. (G– I) Double in situs with
otx2 (red) and hoxa2 (blue) at 15 s, dorsal views of the midbrain and hindbrain back to the level of r4. Midbrain and r1 domains appear unaffected in all cases.
MB, midbrain; s, somites.
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r4 fate (Dupe and Lumsden, 2001). Similarly, we found that
hoxb1A expression expanded along the A-P axis at 14 hpf in
AGN-treated embryos, but not to the same extent as in chick
(Figs. 3D–F). Scattered cells expressed hoxb1a mRNA in
r5–7 and this expanded hoxb1a domain corresponded to the
area where ectopic Mauthner neurons formed after AGN
treatment. Trigeminal BMNs were also reduced with 105
M AGN, indicating a requirement for RA signaling as far
anteriorly as r2 (Fig. 1H). Therefore, we examined expres-
sion of two homeobox genes, hoxa2 and otx2, that together
define the borders of r1, r2, and the midbrain (Figs. 3G–I).
These expression domains were unaffected by AGN treat-
ment, even at high concentrations, and we did not detect any
defects in somatic motor neurons of the oculomotor and
trochlear nuclei in these embryos (data not shown).
Reduced RAR activity causes defects in facial BMN
migration
BMNs throughout the hindbrain express the isl1-GFP
transgene; therefore we needed to confirm the identities of
individual motor nuclei in AGN-treated embryos by inde-
pendent criteria. Facial BMNs, in particular, fail to subdi-
vide into anterior and posterior clusters in these embryos
and cells often appear in ectopic locations. Expression of
tag-1, a cell adhesion molecule expressed transiently in
facial BMNs, was delayed in antagonist-treated embryosand barely detectable at 18 hpf (data not shown). At 36 hpf,
tag-1+ facial BMNs were reduced and disorganized within
the hindbrain in treated embryos (Figs. 4B,D; arrowheads)
and largely confined to the hoxb1a+ expression domain,
compared with untreated controls (Figs. 4A,C), suggesting
that RA signaling controls the cell surface characteristics of
migratory facial BMNs. We obtained similar results at 32
hpf for the expression of the transcription factor gata3
(Bingham et al., 2002), confirming the identities of these
cells as facial BMNs (Figs. 4E,F). In addition, retrograde
labeling of motor nerves with DiI in embryos treated with
105 M AGN demonstrated that many BMNs in the
presumptive facial nucleus extended their axons out the
facial nerve (data not shown). These results suggest that RA
is required for a subset of facial BMNs to migrate out of r4.
We then followed migration directly, with time-lapse
recordings of isl1-GFP expression in facial BMNs in antag-
onist-treated embryos (Fig. 5). In control embryos at 19 hpf,
isl1-GFP marked bilateral clusters of neurons (7–10 cells) in
r4, and by 20 hpf some of these cells had moved into r5,
before axogenesis (Figs. 5A–C). Migration of cells that arose
both in r4 and r5 continued posteriorly into r6 and r7 and
laterally, and away from the midline, by 30 hpf to form a large
VIIa in r6 and a smaller VIIp in r7 (see Fig. 1M). In contrast,
approximately half as many GFP+ facial BMNs were
detected at 18 hpf in embryos treated with 105 M AGN.
By 20 hpf, these BMNs had moved posteriorly, but many
remained within the r4 domain (Figs. 5D,E). A subset of cells
Fig. 5. Time-lapse analysis of facial BMN migration in wild-type and antagonist
embryos. (A–C) Series of frames from 19 to 21 hpf in dorsal view of an untreated
this 2-h period. (D–F) Series of similar frames from a 105 M AGN-treated em
vesicle; nV, trigeminal; nVII, facial.
Fig. 4. RAR antagonist treatments during gastrulation disrupt the tangential
migration of facial BMNs. Left column, untreated; right column, 105 M
AGN. Anterior to the left. (A,B) Double in situs for tag-1 (blue) and hoxb1a
(red) at 36 hpf, dorsal views, showing confinement of facial neurons to the
hoxb1a expression domain in antagonist-treated embryos. Double-headed
arrows indicate the hoxb1a expression domain, and arrowheads point to
scattered nVII neurons with this region. (C,D) Higher magnification views
of tag-1 expression in facial BMNs. Double-headed arrows indicate r4
territory. Asterisk marks loss of the posterior lateral line ganglion in D. (E,F)
gata3 expression in facial BMNs at 32 hpf, dorsal views. o, otic vesicle; ac,
acoustic ganglion; p, posterior lateral line ganglion; nV, trigeminal; nVIIa
and nVIIp, facial; nX vagal.
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(Figs. 5E,F; also Fig. 1). Additional GFP+ BMNs formed
ectopically in more posterior locations rather than migrating
as in controls. These ectopic locations correlated with the
expanded domains of hoxb1a. Thus, our time-lapse studies
confirm that facial BMNs are specified in an expanded r4
domain in the absence of RA signaling and that many do not
migrate posteriorly within the hindbrain.
Late RAR antagonist treatments disrupt BMNs
Because mutation of nls or weak antagonism of RARs
leads to severe defects in branchiomotor neurons but not in
rhombomere patterning, we reasoned that these two roles
for RA may be independent. We tested this idea by treating
zebrafish embryos with AGN at different stages. Zebrafish
embryos are sensitive to RA and to RAR antagonists during
gastrulation but later treatments have little effect on A-P
patterning. Surprisingly, we found that AGN treatments of
isl1-GFP transgenics at 14, 18, and 20 hpf all reduced vagal
BMNs and disrupted facial BMN migration, with treatments
at 14 hpf having the strongest effects (Fig. 6). The GFP+
vagal BMN cluster appeared narrow and a subset of facial
BMNs remained in a tight cluster in r4, while other facial
BMNs migrated normally into r6 and r7 (Fig. 6B). Embryos
treated at 18–21 hpf had less severe phenotypes that more
closely resembled nls, where some facial BMNs did not
migrate and remained close to the midline (Figs. 6C,D). In
embryos treated at 14 hpf, there were also defects in tag-1
expression, as seen with earlier treatments (Figs. 6E,F).
These results correlate with our time-lapse studies and
demonstrate that these neurons require RA signaling for
their proper differentiation well after rhombomeres have
been established.-treated embryos. Dorsal views, anterior to the left, of isl1-GFP transgenic
control. Arrows indicate an early GFP+ cell as it moves posteriorly during
bryo. Arrows indicate an early GFP+ facial BMN that moves little. o, otic
Fig. 7. Late RAR antagonist treatments do not disrupt hindbrain
segmentation. Left column, untreated; right column, embryos treated with
10 5 M AGN at 14 hpf. Anterior to the left. (A,B) Lateral views. Double in
situs for krox20 (red), and val (blue) at 20 s, lateral views of the hindbrain
showing r1–7. Note that r3, r5, and r6 all appear normal in AGN-treated
embryos. (C,D) Dorsal views. Single in situs for hoxb1A (red), at 20 s
showing no change in r4. (E,F) Dorsal views. Double in situs with krox20
(red) and hoxb4 (blue) at 20 s, showing reduced hoxb4 expression in r7 and
the anterior spinal cord, but no change in rhombomere size or position.
Fig. 6. Late RAR antagonist treatments disrupt BMNs. Dorsal views,
anterior to the left. (A–D) isl1-GFP transgene expression at 48 hpf, dorsal
views of the hindbrain showing r2–7. In contrast to wild type (A),
transgenics treated with AGN at 14 hpf (B), 18 hpf (C), and 21 hpf (D) have
reduced vagal BMNs and facial BMNs migrate abnormally. (E,F) In situ
hybridization for islet-1 mRNA reveals abnormal positions of facial BMN
precursors. (G,H) tag-1 expression is reduced in facial BMNs at 30 hpf in
embryos treated with AGN at 14 hpf.
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morphologically, compared with embryos treated earlier
(see Figs. 1A–D). They also showed no detectable changes
in rhombomere patterning (Fig. 7), as determined by the
expression patterns of krox20 in r3 and r5, val in r5/6 (Figs.
7A,B) and hoxb1a in r4 (Figs. 7C,D). We did detect a
reduction in hoxb4 mRNA levels but its spatial pattern of
expression was unchanged (Figs. 7E,F). RSNs also develop
normally in embryos treated with AGN at any stage after 8–
10 hpf (data not shown). Therefore, defects in BMNs caused
by late AGN treatment are independent of requirements for
RA in hindbrain segmentation.
Wild-type mesodermal cells transplanted into nls rescue
BMN development
hox gene expression in the hindbrain is not cell autono-
mous, but instead depends on signals from the adjacent
mesoderm, including RA (Begemann et al., 2001; Gould et
al., 1998). Defects in BMNs in nls could result from loss of
these retinoid-dependent signals from mesoderm or, alter-
natively, from defects in interactions with adjacent rhombo-
meres or meninges within the hindbrain itself (Studer, 2001;
Zhang et al., 2003). To address these possibilities, we mademosaic embryos by cell transplantation, replacing parts of the
mesoderm or hindbrain with wild-type cells in nls embryos.
Cells were transplanted from biotin-labeled, wild-type
donors into unlabeled hosts carrying both the nls mutation
and the isl1-GFP transgene (Fig. 8A). Mutants were later
identified by the absence of pectoral fins. Transplants were
targeted to mesendoderm at gastrula stages, based on previ-
ous fate maps (Kimmel et al., 1990). In 25% (7/28) of cases
where wild-type cells populated somites 1–5 along one side
of a mutant host, we observed a partial recovery of vagal
BMNnumber and facial BMNmigration at 48 hpf (Figs. 8B–
D). Rescue appeared to depend on the exact location and
number of cells in the somites, which varied widely among
mosaics. In several cases, this was accompanied by rescue of
the pectoral fin on the side corresponding with the trans-
planted mesoderm (Fig. 8B). Cells transplanted into more
posterior mesodermal regions, as well as control transplants
of nlsmutant mesoderm into nlsmutant hosts (N = 12) had no
such effect (data not shown).
To test the possibility that nls disrupts secondary signals
produced within the posterior hindbrain (Studer, 2001), we
transplanted wild-type neural ectoderm at gastrula stages
into the presumptive posterior hindbrain of nls hosts carry-
ing the isl1-GFP transgene (Figs. 8F,G). In no case did we
observe any recovery of the pattern of hoxb1a expression in
r4 (N = 19; data not shown) or of BMN development in such
Fig. 8. Wild-type paraxial mesoderm rescues branchiomotor development
in nls mutants. (A) Illustration of the transplantation design showing
outlines of two blastula-stage embryos, a wild-type donor labeled with
rhodamine-dextran and a nls/raldh2mutant host that also expresses the isl1-
GFP transgene in motor neurons. (B–G) Dorsal views of mosaic embryos
at 36 hpf, anterior to the left. (B) Nomarski optics combined with
rhodamine fluorescence, showing rhodamine-labeled, transplanted cells in
somites (s1–6) on the left side, and rescued pectoral fin (arrowhead). (C)
Confocal image of the same embryo showing rescue of isl1-GFP labeled
motorneurons. (D) Mesodermal transplant 1. (E) Mesodermal transplant 2.
(F) Hindbrain transplant 1. Arrows indicate cells in the vagal region. (G)
Hindbrain transplant 2. Arrows indicate cells in the facial nucleus. Smaller
arrowheads are vagal BMNs.
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(Figs. 8F,G) or much larger regions of the posterior hind-
brain including r5 and r6, were filled with transplanted cells.
These results suggest that raldh2-dependent signals from
mesoderm act directly on r4 to define its posterior border
and control facial BMN migration.Discussion
We have demonstrated requirements for RA in neuronal
differentiation in the zebrafish hindbrain that are separate
from its roles in rhombomere patterning or in primary neuro-genesis. Few studies have addressed this issue, since vitamin
A-deficient avian embryos and Raldh2/ or RAR/mutant
mice disrupt RA signaling throughout development, and late
requirements in neurogenesis may be masked by earlier
patterning defects (Maden, 2002). Two lines of evidence lead
to these conclusions: (1) loss of raldh2 function in nls has
little effect on rhombomere identities, but disrupts BMNs,
and (2) RAR antagonists applied after rhombomeres are
already established cause similar BMN defects (Fig. 9). Some
facial BMNs fail to express tag-1 in nls, which may directly
alter their morphogenesis. We also show that implanting
wild-type mesodermal cells into mutants rescues BMN
defects, demonstrating that they are cell nonautonomous.
We propose that RA is required in two separate steps: first,
for specification of rhombomeres (r3–7) and RSNs and,
second, for differentiation and migration of BMNs in r4–
8 after rhombomeres are established (Fig. 9).
Separate requirements for RA in development of primary
and secondary neurons
In Xenopus, primary neurons in the embryo are con-
trolled by RA signaling. Increasing RA signaling during
gastrulation increases the numbers of primary sensory,
motor, and interneurons and they spread anteriorly within
the CNS (Sharpe and Goldstone, 1997, 2000). Decreasing
RA signaling reduces their numbers (Blumberg et al., 1997;
Franco et al., 1999). RA regulates proneural and neurogenic
genes in the developing neural plate (Maden, 2002; Papo-
lopulu and Kintner, 1996). Our results indicate that there are
also later requirements for RA in the formation of BMNs
that are distinct from its role in primary neurons. Like
primary neurons, the number of vagal BMNs increases or
decreases depending on the level of RA signaling, and
future studies examining expression of proneural and neu-
rogenic genes at these later stages will be necessary to
determine if RA controls secondary neurogenesis in general.
However, this does not explain the specific defects in facial
and vagal BMNs. High levels of RA required for differen-
tiation of vagal BMNs may only occur in the posterior
hindbrain or, alternatively, these neurons are uniquely com-
petent to respond to RA. In chick embryos treated as late as
stage 10+, r7 expands slightly (Dupe and Lumsden, 2001),
but this cannot account for the widespread BMN defects we
have observed. Our results establish a novel requirement for
RA signaling in secondary motor neuron differentiation and
an important later phase of RA action in the CNS.
In both zebrafish and Xenopus, RA controls the pattern-
ing of primary neurons along the A-P axis and their
rhombomere identities. Exogenous RA expands primary
neurons anteriorly and Mauthner neurons, normally found
only in r4, form in ectopic anterior locations, correlated with
an anterior shift in hoxb1 expression (Hill et al., 1995;
Manns and Fritsch, 1992). Conversely, injection of a dom-
inant-negative RARh in Xenopus eliminates rhombomere
boundaries and Mauthner neurons form in ectopic parts of
Fig. 9. Model for the role of RA signaling in neuronal patterning and migration within the hindbrain. Schematic figure of the posterior head of a zebrafish
embryo depicting rhombomeres 2–7 in the hindbrain, and somites in the paraxial mesoderm in controls (A) and in RA-deficient zebrafish embryos (B–D).
Dorsal views, anterior to the left. Details of the locations of the Mauthner cells (Mth, brown) in r4 and BMNs within each rhombomere; nV (trigeminal), black;
nV (facial), blue; nX (vagal), green. (B) High concentrations of RAR antagonist applied during gastrulation cause Mauthner duplications and expansion of r4
posteriorly, loss of vagal BMNs and abnormal facial BMN migration. This is due to defective RA signaling from adjacent paraxial mesoderm (arrows). (C)
Reductions in RA signaling in nls mutants cause similar BMN defects, while rhombomeres are only slightly expanded. (D) Late treatments (>14 hpf) with the
RAR antagonist also disrupt BMNs similar to nls but have no effect on the pattern of rhombomeres. Rhombomeres, r2–7; Va and Vp, anterior and posterior
trigeminal, VIIa and VIIp, anterior and posterior facial; X, vagal.
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are not disrupted in nls, but high concentrations of RAR
antagonist during gastrulation result in ectopic Mauthner
neurons posteriorly and an expanded domain of hoxb1A
expression (Fig. 9); defects are not seen with later treat-
ments. Thus, early RA signaling coordinates patterning of
primary neurons with the specification of rhombomeres
along the A-P axis, while a later phase of RA signaling
controls BMN development.
RA and facial neuron migration
Rhombomere-specific cues guide facial BMN migration
in the hindbrain, and these cues are regulated by RA
(Chandrasekhar, 2003; Garel et al., 2000; Studer et al.,
1996). We found that in nls mutants or RAR-deficient
embryos, a subset of facial BMNs do not migrate posteriorlyout of r4 and do not cluster in r6 and r7, while primary
neurons and other aspects of r4–7 are patterned normally.
Defects in subsets of facial BMNs are a consistent feature of
RA-deficient embryos, even with later RAR antagonist
treatments (see Fig. 7B). This correlates with a subset of
facial BMNs that do not express the adhesion molecule, tag-
1. This cell adhesion molecule controls neuronal migration
of precerebellar neurons from the rhombic lip (De Diego et
al., 2002). With loss of tag-1 expression in RA-deficient
embryos, a subset of facial BMNs may be unable to interact
with longitudinal fiber bundles present on either side of the
floor plate (Chandrasekhar, 2004). These fibers express
another cell adhesion molecule, L1, which guides axons
along the midline. RA signaling may also regulate or
interact with trilobite, a zebrafish relative of Drosophila
strabismus, required for tangential migration of facial
BMNs (Bingham et al., 2002; Jessen et al., 2002).
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within the hindbrain, many facial BMNs migrate laterally,
away from the midline. A majority do so in r6 and r7. In
contrast, many of these neurons remain near the midline in
nls mutants and in RAR antagonist-treated embryos. Similar
defects in lateral migration of facial BMNs occur in Hox-
b1/ mutant mice (Studer et al., 1996). RA and Hox-b1
promote lateral migration in r4, and Hox genes appear to
have similar roles in lateral migration of neurons in other
CNS regions. We were surprised to find that AGN disrupts
lateral migration of facial BMNs well after rhombomeres
and patterns of Hox gene expression are established, sug-
gesting that this movement, in addition to tangential migra-
tion, may also depend on RA signaling.
Requirements for Raldh2 and RARs in rhombomere
specification
We previously showed that disruption of raldh2 in the nls
mutant zebrafish causes expansions of rhombomeres 5–7 in
the hindbrain (Begemann et al., 2001). The nls phenotype is
less severe than vitamin-A-deficient avian embryos or
Raldh2 mutant mice, in which these rhombomeres are lost
(Maden et al., 1996; Niederreither et al., 2000). Here we
report more severe rhombomere defects in zebrafish embry-
os treated with 105 M AGN, and these more closely
parallel the results in chick and mouse. In mice, Raldh1
and Raldh3 function in concert with Raldh2 in patterning
the hindbrain and other organs (Niederreither et al., 1999)
and these may also compensate for the loss of Raldh2 in nls
mutant zebrafish. Alternatively, residual Raldh2 function in
nls may result from maternal contributions. Recent studies
in Raldh2/ mutant mice with a retinoic acid response
element (RARE) reporter gene have identified some
Raldh2-independent responsive cells (Mic et al., 2002;
Niederreither et al., 2002). Expression of an RARE-YFP
reporter also persists in some regions of the CNS in nls, but
not in antagonist-treated embryos (Perz-Edwards et al.,
2001; data not shown). Given the functional similarities
between Raldh and other Aldh enzymes and their multiple
roles in development, it will be interesting to characterize
the functions of additional members of this family in
zebrafish.
We also use the antagonist to show varied requirements
for RARs in the hindbrain along the A-P axis, consistent
with previous studies with receptor antagonists in chick
(Begemann and Meyer, 2001; Dupe and Lumsden, 2001;
Wendling et al., 2001). Krox20 expression in r5 and val/
MafB/kreisler in r6 both expand posteriorly at low antago-
nist concentrations, and then disappear in embryos treated
with higher concentrations that block signaling (Fig. 3).
Similarly, a concentration-dependent posteriorizing signal is
critical for MafB/kreisler segmental expression in the mouse
hindbrain (Grapin-Botton et al., 1998). Krox20 and val
expression in the hindbrain in nls resemble wild-type
embryos treated with an intermediate antagonist concentra-tion (2  107 M), further suggesting that nls mutants are
not completely RA deficient.
Unlike studies in chick (Dupe and Lumsden, 2001),
however, hoxb1a expression in RA-deficient zebrafish did
not extend further posteriorly than the level of somite 1,
even at the highest antagonist concentrations. Mauthner
cells also did not form posterior to this limit, suggesting
that only the neural tube anterior to the level of somite 1 is
competent to acquire an r4 identity. In contrast, in the RA-
deficient chick, r4 expands as far posteriorly as the level of
as somite 6 (Dupe and Lumsden, 2001). These may reflect
real differences in RA requirements between vertebrates or
different biochemical actions of the antagonists used in
these studies.
Somites are the source of RA in both rhombomere
patterning and branchiomotor development
Raldh2 produced by the paraxial mesoderm may provide
the source of RA at the posterior end of the hindbrain.
Expression of Cyp26 in the anterior neural ectoderm may
serve as a sink that keeps the anterior hindbrain free of RA
and sharpens the gradient (Abu-Abed et al., 2001; Berggren
et al., 1999; Kudoh et al., 2002; Swindell et al., 1999). We
previously showed that transplantation of wild-type paraxial
mesoderm into nls rescues hoxb4 expression (Begemann et
al., 2001) and we now show that this also rescues the pattern
of motor innervation. As in other vertebrates, Raldh2
expression in zebrafish is confined to paraxial mesoderm
that forms somites, while RARa and RARb are expressed
broadly within the presumptive spinal cord and hindbrain
(Begemann and Meyer, 2001; Berggren et al., 1999; Ensini
et al., 1998; Niederreither et al., 1997; Swindell et al.,
1999). Heterotopic grafts of somites along the A-P axis in
avian embryos alter Hox gene expression patterns (Grapin-
Botton et al., 1995; Guidato et al., 2003a,b; Itasaki et al.,
1996). Our results further show that RA produced by the
mesoderm also controls branchiomotor development, sepa-
rate from earlier roles in patterning.
Segmental patterning of the hindbrain depends not only
on inductive signals from the mesoderm (Gould et al., 1998;
Itasaki et al., 1996) but also on interactions between
rhombomeres (Graham and Lumsden, 1996; Studer,
2001). Recent evidence implicates Fgf8 expressed in r4 in
patterning aspects of neighboring r3 and r5 in zebrafish
(Maves et al., 2002), and as yet uncharacterized signals from
r5 and r6 appear to attract facial BMNs posteriorly in mice
(Studer, 2001). E13 mouse embryos express Raldh2 in the
hindbrain meninges, and this is a possible source for RA in
branchiomotor development (Zhang et al., 2003). Our
mosaic studies in nls argue strongly that the requirements
for raldh2 are cell nonautonomous and dependent on RA
produced by the mesoderm. Our results are consistent with a
direct role for mesodermally produced RA in patterning r4,
which we know expresses an RARa receptor (Joore et al.,
1994; Linville et al., data not shown) and genes such as
A. Linville et al. / Developmental Biology 270 (2004) 186–199 197hoxb1 that control r4 specification have RAREs in their
promoters (Studer et al., 1994). Mesoderm may also be the
source for additional factors that facilitate RA signaling or
act in a parallel pathway, such as Fgfs or Wnts (Kudoh et al.,
2002; Marin and Charnay, 2000) and defects in these signals
could also account for some of the neuronal patterning
defects we have observed.
RA signaling is controlled through different RA recep-
tors and their cofactors, as well as inactivating enzymes
such as Cyp26 and binding proteins (Abu-Abed et al.,
2001). In the zebrafish, we can now address the roles of
each factor in patterning of the nervous system in detail
through both gain and loss-of-function approaches. The
antagonist used here, AGN193109, interacts with all RARs
and stabilizes corepressors that inactivate their target genes.
Additional receptor-specific antagonists are now available to
inactivate individual RARs one at a time at different stages
of development. This, along with dominant-negative forms
of each receptor and receptor-specific morpholino oligonu-
cleotides, will allow a detailed dissection of not only the
range of RA signaling but also the cell type-specific
responses of different neuronal cells to RA that we have
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